An asymmetric electrostatic-quadrupole lens (AEQL) system for high definition field emission displays (HD-FEDs) was proposed. It was applied to the double-gated structure where the emitters are a thick layer of carbon nanotube paste such as a flat surface emitter. The AEQL structure was designed with two opposing planar electrodes of noncircular apertures which generate the quadrupole electric field. Utilizing a design of field emitter arrays (FEAs) with AEQL, an optimized beam shape with horizontal reduction and vertical elongation was obtained. According to three-dimensional (3D) simulation results, this AEQL structure exhibited excellent focusing effects that satisfied the aspects of pixel size and shape in HD-FEDs.
Introduction
The conventional field emission displays (FEDs) using phosphor, that can only be excited by an electron beam (e-beam) of low energy, have a narrow vacuum gap (below 1.1 mm) between the emitters and the anode in order to minimize the driving voltage. In this case, the most important design factor is the efficiency of the phosphor which determines the brightness rather than the size of the e-beam which dominates color purity. This structure has a simple manufacturing process, but is not effective until the luminous efficiency problems of low voltage phosphor are solved.
Recently, high-anode-voltage-operated FEDs (HV-FEDs) employing the phosphors used in cathode ray tubes (CRTs) have attracted research attention due to their improved color purity, high brightness and long lifetime. In HV-FEDs, a high anode voltage is required for the purpose of accelerating electrons to high energy. However, when the anode voltage is highly increased in the narrow vacuum gap, unpredictable arcing easily occurrs. Therefore, HV-FEDs require a wide vacuum gap between the emitters and the anode. In this case, the size of the e-beam, especially its horizontal size, that dominates the color purity rather than the phosphor efficiency which determines the brightness, is a more important design factor than is the case with conventional FEDs. The wide vacuum gap demands a design of structures capable of focusing. Several focusing structures have been reported: double-gated type, [1] [2] [3] [4] [5] [6] planar-electrode type 7, 8) and self-focus cathode electrode type.
9)
In a double-gated type structure, a focus gate electrode (FEG) is stacked on the extraction gate electrode (EGE) with an additional insulating layer, where the additional insulating layer is required to sustain electrical breakdown between EGE and FGE. If a thick film is used as the insulating layer, several problems can be expected such as substrate deformation by the additional thermal process and the EGE degradation. Nevertheless, the application of FGE has advantages such as a blocking effect against anode voltage penetration, which may raise diode emission, as well as electron beam focusing. In a planar-electrode type structure, the focus-electrode is located on the coplanar with the gate electrodes. This structure has a simple manufacturing process, but is restricted for high resolution. In a self-focus cathode electrode type structure, the self-focus electrode is in contact with the cathode electrode surrounding the emitter layer at the center of each gate aperture. This type is effective in the focusing scheme, but the emission current is reduced owing to the auxiliary self-focus electrode surrounding the emitter layer.
In this report, we proposed an asymmetric electrostaticquadrupole lens (AEQL) structure based on a double-gated type design. The proposed structure is designed to produce asymmetric quadrupole electric fields with off-centered two planar electrodes using a horizontally and vertically elongated aperture. The AEQL structure results in an electron beam with a horizontally reduced and vertically elongated shape due to the AEQL effect (as explained in the next section). According to three-dimensional (3D) simulation results, this structure demonstrates an excellent focusing effect that satisfies the aspects of a relatively small pixel size and rectangular shape in HD-FEDs. In this study, we used a commercial simulator (Opera-3D) using the finite element method (FEM).
Asymmetric Electrostatic-Quadrupole Lens system
The ideal electrostatic-quadrupole lens (EQL) system consists of four parallel electrodes with hyperbolic crosssections as shown in Fig. 1 . [10] [11] [12] It has four planes of symmetry intersecting along the z-axis with an angle =4 between them. The lens, centered at z ¼ 0, extends in the z-direction. The aperture of the lens (2L) is defined by the diameter of the hypothetical circle tangential to the four electrodes. We assume one pair of the opposing electrodes (A and A 0 ) to be held at a positive potential (þV) with respect to ground while the other opposing pair (B and B 0 ) is at a negative potential (ÀV). The established electric field lines are shown as dashed lines. It is assumed here that electrons move in the direction of the reader (the positive z-direction). Those electrons initially in the yz-plane will diverge toward the positive potential on A and A 0 electrodes. However, those electrons initially in the xz-plane will be repelled by the negative potentials on electrodes B and B 0 converging toward the z-axis. Therefore the incident circular e-beam will be changed to a horizontally elongated and vertically reduced shape. If a vertically elongated and horizontally reduced e-beam shape is preferred, the exchange of potentials between two electrode pairs would simply accomplish the desired shape. Moreover, a control of the aspect ratio of the e-beam is achieved by varying the opposing apertures size.
In practice, however, the electrodes with hyperbolic cross sections are difficult to fabricate and a rather simple structure is demanded in FEDs. Therefore, we have proposed a symmetric electrostatic-quadrupole lens (SEQL) system 13) as shown in Figs. 2(a) and 2(b), which is composed of two opposing plates with elongated rectangular apertures in a 90 staggered position and with different potential applied to each plate. Applying this SEQL structure to the double-gated type FEDs, a positive potential (þV) is applied to the EGE (V 2 ) and a negative potential (ÀV) is applied to the FGE (V 1 ). In this structure, a horizontal slot on the first plate is aligned with the vertical slot on the second plate, respectively, to result in vertically elongated e-beam shape. It should be noted that the fields produced in this SEQL system are similar to those produced by the ideal EQL system, even without the complex four electrodes. The simulation results based on this structure are shown in Figs. 3(a) and 3(b), presenting the horizontal and vertical sections of equipotential lines, together with schematic e-beam trajectories. As indicated in the horizontal section, the larger aperture of the extraction gate and the smaller aperture of the focus gate produce a focused beam by converging force on the emitted electrons from the emitter layer. On the contrary, in the
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Deformed e-beam (a) Fig. 2 . EQL system in FEDs: (a) structure with two planar electrodes using a horizontal slot on the first plate and a vertical slot on the second plate, and diagram of (b) diagram of an SEQL structure, and (c) an AEQL structure. vertical section, the smaller aperture of the extraction gate and the larger aperture of FGE produce an elongated e-beam by diverging force on the emitted electrons from emitter layer. Figure 2 (c) shows the structure of the AEQL system which consists of an EGE aperture and a vertically offcentered FGE aperture. Figure 3(c) shows a vertical section of the equipotential lines together with the schematic e-beam trajectories from the AEQL effect. The AEQL structure can be accomplished by moving the center of the FGE aperture slightly closer to the pixel axis. In this AEQL structure, the bending of the e-beam trajectories occurs at the upper portion of the e-beam shape. This is a useful method to reduce the size of the vertical e-beam without changing the number of emitters or the structure of the field emitter arrays (FEAs).
Experiment and Simulation
Recently, we fabricated a double-gated type test vehicle having a robust focus gate structure comprised of a thick SiO x focus gate insulator (FGI) and a Cr focus electrode for HV-FEDs.
5) The scanning electron microscope (SEM) image of our double-gated type structure is shown in Fig. 4(a) . The diameter of the emitter is 10 mm, and that of the concentric circular shaped extraction gate hole and focus gate hole is 16 and 60 mm, respectively. The thickness of the extraction gate insulator (EGI) and FGI is 3 and 6 mm, respectively. These layers were deposited by radio frequency plasma enhanced chemical vapor deposition (rf-PECVD), with optimization of quality and thickness based on SiH 4 / N 2 O gas ratio. The FGI layer is composed of sparse SiO x , which gives it a high etching rate of more than 0.6 mm/min and a low film stress of less than AE50 MPa. The stoichiometric expression of the FGI is SiO x , where x is less than 2. After processing of the FGI and FGE formation, single walled CNT emitter layers are formed by screen printing the paste followed by backside ultraviolet exposure through circular a-Si holes having diameters of 10 mm.
The e-beam focusing capability of our double-gated structure was measured in a vacuum chamber (vacuum pressure <1 Â 10 À7 Torr) with a 1.1 mm gap between FGE and the anode. Figure 5 is a series of e-beam spot images of our test vehicle using a green phosphor-screened anode plate, where the voltage of the extraction gate (V g ), cathode (V k ) and anode (V a ) was fixed at 60 V, 0 V, and 2 kV, respectively, and the focus gate voltage (V f ) was applied from 0 to À40 V due to the arcing problem. According to the images, the e-beam size was greatly affected by the focusing voltage. As the negative focusing voltage was increased, the size of the e-beam was decreased, but a halo phenomenon appeared around the main beams. The halo phenomenon was caused by over focused electrons. By modeling of the test vehicle structure as shown in Fig. 4(b) , the halo phenomenon was analyzed by 3D simulator. In these simulations, electron emission was assumed on a flat surface of CNT emitters with a work function of 5 eV, and the field enhancement factor and an emission constant were 1800 and 1:75 Â 10 À7 , respectively. 14) We set the initial energy of electrons at about 0.033 eV (where T ¼ 300 K) and the emitting angle at a perpendicular direction from the emitter surface. Figure 6 shows the simulation results of the e-beam shape at the anode. The simulated images of the e-beams matched well with the experimentally obtained images. The over-focused e-beams, as shown in Figs. 5(c) and 6(d), caused a serious problem in the color purity and contrast in FEDs.
In this report, we proposed a new structural design featuring the basic AEQL system presented in Fig. 7(c) . The structure has a rectangular shaped extraction gate aperture (h60 mm Â v20 mm) and focus gate aperture (h40 mm Â v50 mm), in which the two apertures are intercrossed and the focus gate aperture is off-set by 10 mm as shown in Fig. 2(c) . The thickness of the extraction gate insulator and focus gate insulator is 5 and 6 mm, respectively. The size and thickness of the emitter are h10 mm Â v10 mm and 2 mm, respectively. In order to compare the e-beam focusing capability of this structure, a conventional circular gate structure and a SEQL structure are shown in Figs. 7(a) and 7(b) . In the circular type, the diameters of the extraction gate hole and focus gate hole are 20 and 60 mm, respectively. In the SEQL structures, the dimensions of the extraction gate aperture and focus gate aperture are h60 mm Â v20 mm and h40 mm Â v60 mm, respectively. The thickness of the EGI and FGI is the same as that of AEQL structure. The vacuum gap between the anode and the focus electrode is set to 1.5 and 2.0 mm, respectively, to prevent arcing from occurring under high anode voltage condition above 5 kV. Figure 7(d) shows the simulation results of the e-beam size and shape for the three structures. In the case of the AEQL and SEQL structures, the e-beam shape become horizontally reduced and vertically elongated, which is ideally suited for adapting a pixel shape rather than a circular gate structure. The vertical e-beam size (BS v ) was 357.6 and 410.9 mm in the AEQL structure, and 373.3 and 428.7 mm in the SEQL structures, when an anode voltage of 7.5 and 10 kV, respectively, was applied and the anode current (I a ) was adjusted at 15 nA. Especially, as is shown in Fig. 7 , the upper portion of the e-beam shape (Upper) by the AEQL was reduced more than that by SEQL. The upper e-beam size of the AEQL structure was 164.2 and 188.6 mm, compared to 186.5, and 214.3 mm of the SEQL structures. These results confirmed that the AEQL structure operated well, in line with the expected trajectories shown in Fig. 3(c) . 
Results and Discussion
Generally, a wide (16 : 9) display needs more than 1280 dots Â 768 lines to achieve high definition (HD) resolution. In the case of 38-inch wide FEDs, the size of one sub-pixel (R, G, B respectively) is about h233 mm Â v632 mm, and about 8 -14 emitter layers, each sized 10 Â 10 mm 2 and 1-2 mm thick, were involved as shown in Fig. 4(b) . Figure 8(a) shows the SEQL structure. The dedicated focus gate aperture sized h60 mm Â v60 mm has an extraction gate aperture of h60 mm Â v20 mm and five emitter layers of one sub-pixel in order to adjust the vertical e-beam size. Figure 9(a) shows the AEQL structure. The first (f, f 0 ) and second (s, s 0 ) apertures from the extraction gate aperture are offset by 5 and 10 mm, and are sized h60 mm Â v55 mm, and h60 mm Â v50 mm, respectively. The reduced anode current due to the small number of emitter layer is compensated by increasing the size of each emitter layer from h10 mm Â v10 mm to h20 mm Â v10 mm. Fig. 9(a) . In this case, when the offset amount was increased, the vertical e-beam size was gradually decreases but the horizontal e-beam size underwent little changes. Therefore, the AEQL system presented here is a useful method to reduce the size of the vertical e-beam without changing the number of emitters or the structure of FEAs.
Conclusions
We have proposed an AEQL system in the double-gated type FEDs where the emitter could be a thick layer of carbon nanotube fabricated by printing method. The structure to produce an asymmetric quadrupole electric field is composed of two, off-centered, planar electrodes with vertically (a) (c) (b) and horizontally elongated apertures. An electron beam with horizontally reduced and vertically elongated shape originating from the AEQL effect was obtained by 3D-simulation. We have designed a new FEA structures which could achieved an excellent focusing effect of e-beams at high voltages. According to 3D-simulation results, despite a focus gate voltage of zero, the AEQL structure exhibited excellent focusing effects suitable in terms of pixel size and shape for application in 38-in. wide HD-FEDs. 
